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Abstract
The fourth small satellite project named "TSUBAME" has been started by Lab for Space Systems at
Tokyo Institute of Technology. TSUBAME is a size of 50cm x 50cm x 40cm and total mass of 40 kg
and has two main missions. One is a polarized X-ray and gamma-ray observation by changing the
attitude at high speed with CMGs (Control Moment Gyros). The other is a tether formation flight.
This paper will explain its conceptual design of ”TSUBAME” to achieve the missions.
1. INTRODUCTION

Fig.2 Cute-1.7 + APD and its Separation System

The Tokyo Institute of Technology’s (Tokyo Tech)
Laboratory for Space Systems (LSS) directed by
Assoc. Prof. Matunaga, has developed a 1 kg
CubeSat, “CUTE-I”, which was successfully
launched on June 2003. CUTE-I keeps orbiting
flawlessly and strongly transmits its house keeping
data to the Earth. This successful experiment
enabled us to acquire a satellite bus technology and
to demonstrate how students can conduct the satellite
development from the first concept design steps up
to the effective launch and operation.

Our next satellite, ”Cute-1.7 + APD II ” is the
successor of the Cute-1.7 + APD. We added many
improvements to Cute-1.7 + APD II to conduct all
the missions which could not be finished by Cute-1.7
+ APD. Cute-1.7 + APD II will be launched by an
Indian rocket PSLV in 2007 autumn, after checking
all the function of the satellite.
Next to the Cute-1.7 + APD II, a small satellite
named by “TSUBAME” is planned. TSUBAME has
a size of 50cm x 50cm x 40cm and a total mass of 40
kg.
Compared
to
the
our
previous
satellites, ”TSUBAME” can perform many
engineering and scientific missions due to the
relatively large size.
In this paper, a conceptual design and current
status of the TSUBAME satellite are explained.
2. TSUBAME MISSION OVERVIEW
The name “TSUBAME” means swift in Japanese,
which is the same meaning as that of the NASA’s
gamma-ray observation satellite, “Swift”. In addition,
swift is adopted in Tokyo Tech’s symbol mark.
Compared to “Swift”, TSUBAME can change its
attitude more rapidly, and it observes polarized X-ray.
The TSUBAME project has three goals. The first
one is to demonstrate a student-leading system
design and to obtain a development principle of
several tens kg-class satellite. The second goal of the
project is to promptly conduct high-technology
demonstrations in orbit. The third goal is to share
with space engineering researchers, students, and
other enthusiasts the rare experiment opportunities.
The main missions of TSUBAME are as follows:
1) Polarized X-ray observation by using high-speed
attitude change with CMGs
2) Tether formation flight

Fig.1 CUTE-I Flight Model
Based on the acquired technology and know-how,
we moved on to the next satellite development
project, “Cute-1.7+APD”, pursuing the search for
innovation in small satellite systems. The
Cute-1.7+APD had been launched in February 2006
and had worked for more than 3 weeks and its bus
system was confirmed to work in the orbit. However,
a communication trouble occurred in March of the
year.
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It should be noticed that burst duration is especially
short in gamma-ray burst. Approximately 60 seconds
after a burst occurrence, it becomes darks. Thus,
rapid observation within 10~30 seconds is necessary.
So in this mission, as shown in Fig.3, TSUBAME
is equipped with coarse sensor to detect the burst
occurrence and determine the direction with an
accuracy of 10 degrees. Then, using a high speed
attitude control device, the polarimeter points to
gamma-ray burst quickly, and starts to observe
polarization within 10 second after the burst
occurrence. This high speed slewing enables the
burst observation before the burst lose the brightness.
It is the main characteristic of mission that
TSUBAME can response to burst objects and
observe them by itself promptly.
To observe polarization is one of the most
expected themes of the physics and a lot of
observation missions are planned. But most of them
will be achieved in 2015 or later. So this mission
using short-term developed small satellite is
unopposed.

2.1 Polarized X-ray observation by using
high-speed attitude change with CMGs
Almost
all
astronomical
objects
emit
electromagnetic waves. Other than visible light seen
from ground, space is full of various lights which are
blocked at Earth’s atmosphere, such as infrared,
X-ray, gamma-ray and so on. X-ray and gamma-ray
are especially the most direct probe to elucidate high
energy phenomenon in space. The observation
approach through electromagnetic wave is classified
into photometry, spectroscopy, imaging and
polarization observation. In the 1990’s, X-ray
astronomy developed with lots of results from
photometry, spectroscopy and imaging observation.
However, only polarization still kept intact.
Polarization is expected to elucidate origin of high
energy radiation or magnetic structure, due to its
completely different aspect of observation approach.
In this
mission, TSUBAME observes
polarization of astronomical burst objects such as
gamma-ray burst, magnetor and active galaxy flare.

Fig.3 Mission Sequence
Kawai Lab., Faculty of Science in Tokyo Tech is
planning to observe polarization using balloon with
Stanford University in 2008, but the usable field of
the observation and observation time is limited. The
limitation can result in difficult to observe sudden
phenomenon such as gamma-ray burst. Making use
of mobility and high speed attitude change using
CMG, TSUBAME can observe polarization
methodically. And through the achievement of this
mission, new field of physics “polarized X-ray
astronomy” will be begun.

released from the parent satellite to conduct
technical demonstrations of communications
between satellites and measurement of tether
formation flight dynamics. Also the parent satellite
makes recovering and docking the child satellite to
recharge its batteries.
3. GENERAL SYSTEM OVERVIEW
3.1 System requirements
Orientation of the observation equipment reversely
directed to the sun
The sun emits the amount of X-ray and
gamma-ray, and its quantity is so large that the
satellite cannot observe polarized astronomical
object if the observation equipment orient the sun.
High-speed attitude change
This mission aims to observe the prompt emission
of gamma-ray burst, and its duration time is 10~30
seconds from the burst. Therefore it is necessary to
change attitude 90 degrees with in 10 seconds in
which case attitude change angle is the largest.
Rotation of the polarimeter
To take away error by angle of the polarimeter, it

2.2 Tether formation flight
Formation flight will resolve general limitations of
small satellite by cooperating with other many
satellites. Incorporating the merits of small satellite,
such as short-term and low cost development, and
new feature like fault tolerance or gradual
expandability, it is expected to exceed the ability of
big satellite. And by adding tether, the application
range of formation flight will be very wide; for
example, a variety of orbital servicing, scientific
observation, deorbit by a conductive tether.
In TSUBAME, a child satellite is separated and
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is necessary to rotate the polarimeter. Its speed is
about 1 rpm.
Accuracy of attitude determination
Accuracy of attitude determination for the mission
is within 5 degrees.
Attitude control accuracy
The satellite has to determine the direction of the
burst within 10 degrees of accuracy, and orientation
of the polarimeter is to be controlled within 20
degrees of accuracy. So the sum of attitude
determination accuracy and attitude control accuracy
is within 10 degrees.
Operation temperature of the observation equipment
Gain correction by the amplifier of observation
equipment is available within the degrees from -4
deg F to 40 deg F, so temperature environment
should be controlled within this range.
Three axis control of the satellite
In the experiment of tether formation flight, the
satellite must not rotate and the parent satellite
releases the child satellite. When the parent satellite
takes up the child satellite, the direction of the
docking port of the parent satellite must be
controlled to the child satellite.

50cm X 50cm X 40cm
40 kg
Sun-synchronous orbit
Altitude 800km
Inclination 98.6 degrees
1 year

Orbit
Designed Lifetime

Mission Subsystems

Gamma-ray burst
position detector
(CsI & APD)
Observation equipment
of polarization
(P-Sci & PMT)
Tether formation flight

Attitude Control and
Determination
Subsystem

Attitude control :
CMG , Magnetic torqers
Attitude determination :
Gyros , Sun sensors,
Magnetic sensors

Command and Data
Handling Subsystem

MPU for commercial use
SRAM 32MB

Communications
Subsystem

S-band transmitter
BPSK 200kbps
UHF transmitter (beacon) CW
UHF transmitter (HK data)
GMSK 9600bps
UHF receiver (command)
GMSK 9600bps

Structure and Heat
Control Subsystem

Paddle deployment mechanism
Passive heat control

Polarized Hard X-ray detector by using the aziuthal
angle anisotropy of Compton scattered photons
To detect the polarization of hard X-ray photons,
we use the azimuthal angle anisotropy of Campton
scattered photons, e.g. the polarized photons are
likely to scattered perpendicular to the direction of
the polarization. TSUBAME consists of a scatterer,
which is in the center of the satellite, and 8 absorbers
which are arranged in a concentric pattern. If hard
X-ray photon from astronomical sources enters in
the scatterer, a part of the incident energy is
deposited in the scatterer by Compton scattering, and
the rest energy of the scattered X-ray photon is
deposited in the absorber by Photoelectric absorption.
Because the 8 absorbers are arranged in a concentric
pattern, we can see the modulation of the scattering
angles, then we can detect the polarization. We use a
photomultiplier tube (PMT) for readout of the
scatterer and avalanche photodiodes (APDs) for the
absorbers. Our detector can extract the polarized
X-ray events from the target object by using
coincidence method. Using this method, we can
exclude 90% of the background events.

Table 1 Specifications of TSUBAME
Size

Solar battery :
Triple jointed cell
power generation 95W
Li-ion battery

3.3 Mission Subsystems
3.3.1 Polarized X-ray Observation
TSUBAME aims to investigate black holes and
pulsars by using a new technique, e.g. the hard X-ray
polarization which has never been used. Using the
Control Momentum Gyro (CMG), this satellite
possesses an excellent maneuverability of 1 deg/s,
which enables to observe transient objects such as
Gamma-ray bursts (GRBs).
When a GRB is
detected by the GRB Position Detector (GPD), the
coordinate will be calculated on board, and then the
satellite (polarimetor) will promptly point the source
object to start observation.

3.2 Specifications
Based on the system requirement, we determined
outline of the spec. of the satellite as follows.

Mass

Electric Power
Subsystem
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momentum conservation law. Compared to reaction
wheel, CMG has large maximum angular momentum,
so it can produce larger torque. But CMG has a
control issue of singular point, which has not be
resolved yet. So it is very of value to carry CMGs as
the device to demonstrate the latest research
development.
System requirement
It is necessary to change attitude 90 degrees with
in 10 seconds. The mass of the satellite is 40kg, and
maximum inertia moment is 1.0[kgm2], so torque
requirement is estimated 63[mmNm].
Basic of CMG
CMG is the device which produces needed torque
by changing the rotation direction of the flywheel
sustained by the gimbal. CMG is generally classified
into single gimbal type (SG-SMG) and double
gimbal type. Flywheel is sustained by single gimbal
in the single gymbal type (DG-SMG), and by double
gimbals in the double gimbal type. TSUBAME
mounts SG-CMG which has a simple mechanism,
and is possible to produce large torque. Basic
configuration of SG-CMG is shown in Fig 6.

Fig.4 Polarization detector
Instrument to localize gamma-ray bursts
Gamma-ray bursts are flashs of the gamma-rays,
coming from random places in the sky and at
random times, then we always have to monitor the
sky using instruments with a wide field of view to
detect their emission. This instrument consists of
five sets of a CsI(Tl) scintillator (8x8x1cm) and a
APD to detect its scintillation photons, these five
detectors are arranged in 5 sides of the satellite. If a
gamma-ray burst happens, these five detectors will
obtain different signal levels dependent on their
positions. By the centoid method using their signal
levels, we can localize the gamma-ray burst to an
accuracy of about 10 deg. The configuration of these
detectors is shown in Fig.5.

Fig.6

Basic configuration of SG-SMG

Configuration of triaxial CMG
One SG-CMG acts on one axis, so normally
several SG-CMGs are used in combination.
Pyramidal array which uses 4 SG-CMG is typical. It
is shown in Fig 7.

Fig.5 Configuration of the detector
Radiation Background Monitor (RBM)
This satellite will pass through the South Atlantic
Anomaly (SAA) where high energetic particles (e.g.
protons and electrons etc) are concentrated. In order
to protect the detector unit from fatal damages
caused by their particles, we must shut down the
high voltage of the main detector before running into
the dangerous areas. The RBM consists of 200 us
thick Si photodiodes to detect these high energetic
particles. If the count rate of the RBM exceeds a
threshold level, the high voltage will be promptly
shut down.
3.3.2 Control Moment Gyro
CMG is one of the Momentum Exchange Device
(MED), which control satellite attitude by angular

Fig.7
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Pyramidal array of SG-CMGs

cylinder whose radius is 10cm and height is 10cm.
Cylindrical shape makes docking to the parent
satellite easy. Inner equipments of the child satellite
is based on that of CUTE-I by LSS. GPS will be
equipped to measure the relative distance to the
parent satellite.
Separation mechanism
The separation mechanism uses latch lever and
nylon strings, as in the case of the separation
mechanism for CUTE-I and Cute-1.7+APD.
Reel mechanism
Reel mechanism must avoid the tether from
tangling. The overview of the prototype model of the
reel mechanism and its configuration is shown Fig 9.
To prevent the tether from tangling, the guide roller
pulls the tether at constant tension. The tension of
inner part of the reel mechanism and that of outer is
always measured by tension sensors.

Test Model of CMG
To demonstrate CMG performance for small
satellite, we developed a test model of CMG
pyramid cluster. The CMG is composed of wheel
motor, gimbal motor, slip ring, motor driver, and the
processing computer. The optical encoder is installed
in the motor and measures the rotational speed. A
small DC motor is used for the wheel motors and for
gimbal motors. The mass of this motor is 27g. 159:1
gears are installed on the motor for gimbals. To
control the motors, 4 microcomputers are needed and
connected with Controller Area Network (CAN).
The motor drivers install various sensors. The A/D
converter and the pulse counter are necessary to read
the sensors. The computers can also be used as
converter and counter. Total mass is 6.4kg and the
size is 450mm x 450mm x 150mm, which is much
larger than that estimated before because it was not
able to miniaturize the control circuits. The output
torque is nominally 35mmNm when limiting gimbal
rate within 0.25rad/s. The output torque can be larger
depending on gimbal rate limitation. Now, we are
also developing a modified and small sized CMG
unit which can be used in the orbit.

Fig.9

Prototype model of the reel mechanism

Tether
We consider Kevlar fiber and dyneema as the
material. The tether length has not decided yet, but
1000m is planned.
Tether deployment mechanism
In Cute-1.7+APD, we developed prototypes of a
tether deployment mechanism and conducted many
evaluation tests. Fig.10 shows tether deployment
system of Cute-1.7+APD. A polyethylene type line
named DyneemaTM made by TOYOBO is used to tie
a separation plate and an inner plate. It is melted to
cut by heating through a nichrome line heater. Then
three springs push the separation plate and tether
attached on it is pulled out from the inner plate.

(a) Wheel and Gimbal

(b) Pyramid Array
Fig. 8 Test model of CMGs
3.3.3 Tether Formation Flight
System configuration
Tether formation flight system mainly consists of
a child satellite, tether, reel mechanism and
separation system.
Child satellite
The shape of the child satellite is assumed to be a

Fig.10 Tether Development Subsystem
3.4 Attitude
Subsystem
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Determination

and

Control

A block diagram of ADCS is shown in Fig.11.
Location of the satellite is determined by a GPS
sensor, and attitude is calculated by integrating gyro
data. Drift is indirectly corrected using the outputs of
sun sensor and magnetic sensor. Determining the
attitude of the satellite, the satellite calculates torque
command to correct the deviation from targeted
attitude.
Controller
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comparing the Earth magnetic vector and the sun
directional vector measured by each sensor with
those vectors calculated in the inertial frame.
REQUEST, which is expanded from QUEST, is a
method to calculate quaternions recursively using
angular velocity obtained by the gyro sensor.
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Block diagram of ADCS
Fig.13

Sun sensor, Gyro sensor, Magnetic sensor,
Magnetic torquer are equipped with CUTE-1.7 +
APD I & II. To determinate and control the attitude
of TSUBAME, we use these equipments. The
sensors, torquer, and attitude determination
algorithm in Cute-1.7+APD are as follows.

3)ACS hardware and software
A magnetic torquer system, shown in Fig. 14, was
developed. The size of coil is 60mm×80mm and
thickness is 5mm. Mass per one is approximately
15g. The B-dot algorithm is used for angular velocity
damping.

Cute-1.7 + APD ADCS
Cute-1.7 + APD was equipped with three
magnetic torquers placed orthogonally each other
Each torquer is a coil without iron core. A B-dot
based algorithm for spin control was chosen as the
default algorithm loaded in the OBC of Cute-1.7 +
APD.
1)ADS hardware
Attitude determination system (ADS) decides the
attitude of the satellite on orbit in order to conduct
3-axis attitude control from the onboard sensor
measurements. We combine sun sensors and
magnetic sensors which can determine 2-axis
attitude by itself and use gyro sensors for attitude
estimation as shown in Fig.12.
.
-Sun Sensor
S6560
-Gyro Sensor
ADXRS150
-Magnetic Sensor HMR2300

S6560
ADXRS150

ADS software system

Length [mm]

58.5

Side [mm]

78.34

Thickness [mm]

5.0

Mass [g]

About 15

Drive current[mA]

10

Coil Resister R [Ω
Ω]
Electric power consumption[mW]
Layer/Step

46.3
25/40

Output Magnetic Torque[Nm]

・

Magnetic Dipole [A m2]

Fig.14

540

×

1.1 10-6
0.045

Magnetic torquer

3.5 C&DH Subsystem
Command and Data Handling subsystem
receives uplinks from ground station and commands
to each subsystem. Moreover, C&DH collects data in
the satellite and distribute data to the subsystems.
Radiation tolerance
C&DH system must be against radiation hazard.
In design of C&DH, we considered the followings as
adopted in Cute-1.7+APD II.
For Soft error (SEU)
1).A microcomputer can mutually monitor the other
one in the command processing controller and both
computers can reset each other.
2).Reset function can be operated directly by uplink
command from the ground station.

HMR2300

Fig.12 Sensors used in Cute-1.7 + APD
2)ADS software
We determine the attitude of the satellite by

For Hard error (SEL)
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CMG to orient the paddle to the sun within 1 minute.
As in the case of initial operation phase, main power
supply is battery. Electrical power requirement is
23.8W.
Normal operation phase when gamma-ray burst does
not occur
After the paddle deployment, the satellite observes
polarization as normal operation. Main power supply
is solar cells during charge phase, and batteries
during eclipse. Electrical power requirement is 29W
(daylight), 28.9W (eclipse).
Gamma-ray burst observation phase
Detecting gamma-ray burst during normal
operation phase, the satellite changes its attitude and
orients the observation equipment to the sun. And
the satellite detects the location of gamma-ray burst
to observe it. Electrical power requirement is 34.7W
(daylight), 33.6W (eclipse).
Tether formation flight phase
After stabilizing the attitude of the satellite in
paddle deployment phase, we achieve formation
flight experiment by tether. During this phase, the
satellite does not observe the polarization. Electrical
power requirement is 54.8W (daylight), 53.7
(eclipse).
Communication phase
The satellite transmits the data to the ground
station when it passes over Japan. As a rule,
communication equipments are switched on only in
this phase. Electrical power requirement is 43.5W.

3).Current limitation circuit can intercept power
supply of all systems and the satellite automatically
comeback.
3.6 Communication Subsystem
The role of the communication subsystem is to
transmit/receive the data and receive the command
uplink from the ground station. In CUTE-I and
Cute-1.7 project, we remodeled commercially
produced transceiver for communication instrument.
In the TSUBAME project, we develop its
communication instruments at low cost in short term,
riding on the strength of our technique and
know-how. The satellite communicates with ground
station using 4 communication lines, shown in Table
2. Fig.17 shows the communication system
configuration.
Table 2 Communication lines
Category

Frequency
band

Communicatio
n
direction

modulation
system

control
command

UHF
400MHz

Up link

GMSK
9600bps

CW
beacon

UHF
400MHz

Down link

ASK

HK

UHF
400MHz

Down link

GMSK
9600bps

mission
data

S-Band
2000MHz

Down link

BPSK
200kbps

According to the estimation of electrical power
consumption, the satellite uses the largest amount of
electrical power during tether mission phase. And
then it is estimated that 92.3W electrical power has
to be generated, in consideration with electrical
consumption during daylight and eclipse, their
duration,
consumption
of
communication,
transferring efficiency of electrical power. We should
determinate the size of solar cells which generate
this electrical power at the end of missions.
The satellite needs three series and three parallel
solar cells on its three surfaces, and the total number
of solar cells is 180. In case that the satellite cannot
orient its solar cell paddles to the sun, 255 solar cells
are necessary to ensure minimum electrical power to
communicate.

Fig.17 Communication system configuration
3.7 Electrical Power Subsystem
EPS supplies electric power provided by batteries
and solar cells to each subsystem. And EPS charges
batteries by using electric power of solar cells.
As the design of EPS, we estimated electrical
power consumption of each operation phase. It is
shown as follows.
Initial operation phase
This means 5 minutes from separation to paddle
deployment. The satellite aims to determinate its
attitude by low power consumptive gyro, magnetic
sensor and magnetic torquer. In this phase, battery is
mainly used as power supply. Electrical power
requirement is 16.1W.
Paddle deployment phase
Determining the attitude, the satellite wheels

3.8 Structure and Heat Control Subsystem
The purpose of the structure and heat control
subsystem is to prevent inner instruments from
breaking down under a wide variety of conditions,
such as launch vibration, temperature change under
vacuum, space radiation and so on.
Structure
Considering requirement from each subsystem, we
designed structure of the satellite. The requirements
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are as follows.
・ Size of the satellite : 50cm x 50cm x 40cm
・ Observation view : hemisphere
・ Equipped with CMG
・ Deploy two solar cell paddles
The design of the satellite is shown in Fig.23

Fig.24 Inner instruments configuration
Mission subsystem is composed of polarization
observation equipment, photoelectron multiplier, CsI
scintillator,
RBM.
Polarization
observation
equipment is placed on +Z plane, and CsI
scintillators are placed on ± X, ± Y, -Z planes.
The child satellite is released from –X plane.
ADCS system is composed of CMG, gyro,
magnetic sensor, sun sensor. CMG is placed to low
part of the satellite, and magnetic torquers are fixed
on +X, -Y, -Z plane.
UHF antenna is fixed to –Z plane to communicate
with ground station in normal operation phase.
Electrical power system is composed of solar cell
paddle, EPS board, battery and heater. Paddle
deployment mechanism uses nuts. When the paddles
are stored, pins fixed to paddles are grasped by the
nut, and paddles are deployed when they receive
deployment command.
Separation system is now under consideration. We
have two choices, one is making separation system
by ourselves, and the other is purchasing
commercially produced separation mechanism. The
separation mechanism which is developed in
matunaga Lab is shown in Fig.25, this separation
mechanism is used for Cute-1.7+APD.
E lec tri cal bo x

Se par ati on mec ha nis m

Fig.23 Design of the satellite
Based on the requirement from subsystems, we
determined inner equipment placement, shown in
Fig 24.
Con nec to r

Fig.25 Overview of separation system
Heat Control
TSUBAME is equipped with 1W heater as an
active heat controller. We achieved thermal analysis
under the severest condition of high and low
temperature. In the high-temperature condition, we
assume that initial temperature is 77 deg F, and the
daytime begins as soon as the satellite is released
into space. In the low-temperature condition, we
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assume eclipse begins as soon as the satellite
released into space. We estimated duration of
daytime is 4000 seconds, and that of eclipse is 2000
seconds, because the satellite is going to thrown into
sun synchronized orbit.
We made the heat equation and solved it. Fig.26
shows the thermal change in each case. In low
temperature condition, the satellite temperature
drops down to 23 deg F. If the temperature falls
below 32 deg F, the heater warms batteries.
Analyzing the thermal condition of CUTE-I, we got
the result which well correspond with the actual
telemetry data of the satellite.
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Fig.26 Result of thermal analysis
4. Launch vehicle
Japan Aerospace Exploration Agency (JAXA)
invites public participation of small satellites as
piggybacks for H-IIA rocket. Small satellites chosen
in this public issue are listed as candidates for
piggybacks. And when H-IIA rocket is launched, one
or some of them is chosen and launched.
We applied TSUBAME for the piggyback, and
chosen as a candidate. It has not decided yet when
the satellite will be launched. We complete the
satellite within three-year target period, and
TSUBAME is due to be launched by H-IIA rocket.
5. Conclusion
In this paper, missions and subsystems of Tokyo
Tech’s technical demonstration satellite, TSUBAME,
were introduced. We will fully focus our mind on the
development of TSUBAME after the launch of
Cute-1.7+APD II in autumn this year. We aim to
launch TSUBAME in 2009 by a H-IIA rocket in
Japan. Being launched TSUBAME and achieving the
experiments in orbit, the satellite will greatly
contribute space systems engineering and
most-advanced physics.
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